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ELECTROSTATIC PARTICLE SEPARATION

separation ef?ciency by permitting adjustments to be made
to the length of the electric ?eld during operation; and/or (3)

SYSTEM, APPARATUS, AND RELATED

includes serial separators in each apparatus to ensure that the

METHOD

particle species are fully separated in a single pass.
Additionally, including a plurality of the electrostatic sepa
TECHNICAL FIELD

ration apparatus meeting these criteria in a system fed by a

single distributor Would improve operating ef?ciency and

The present invention relates generally to the material
separation art and, more particularly, to a particle separation

greatly increase the throughput or volume of the particle
mixture that can be processed in a given time period.

system, including an improved electrostatic separation
apparatus, and a related method for electrostatically sepa

10

SUMMARY OF THE INVENTION

rating tWo species of particles present in a particle mixture.

Accordingly, it is a primary object of the present invention
to provide an improved apparatus for electrostatically sepa
rating tWo species of particles from a particle mixture that

BACKGROUND OF THE INVENTION

Various types of apparatus for removing particles from a
dry ?uid ?oW using electrostatic separation techniques are

15

Well knoWn in the art. An early example of such an apparatus
is shoWn in US. Pat. No. 3,493,109 to Carta et al., the
operation and limitations of Which are described in detail in

Another object of the present invention is to provide a

particle separation system including a single distributor for
simultaneously supplying the particle mixture to a plurality
of individual electrostatic separation apparatus, Whereby

commonly assigned US. Pat. No. 5,755,333, issued May 26,
1998. Generally speaking, the Carta et al. patent relies upon
turbulent How and particle-Wall contact in the separation
chamber to electrostatically charge the particles. The par
ticles are then draWn from the How by opposed electrically

conductive plates having opposite polarities.

overcomes the above-identi?ed limitations and shortcom

ings of the prior art.

25

While the apparatus proposed in the Carta et al. reference
is someWhat effective for separating particles having a

tWo distinct and substantially pure particle species are
recovered from each apparatus.
Still another object of the present invention is to provide
an electrostatic separation apparatus having multiple sepa
rators in series for removing and collecting selected charged

particles from a particle mixture, Whereby after passing the
particle mixture through said multiple separators, tWo dis
tinct and substantially pure species of particles are fully

selected charge from a particle mixture, several signi?cant
limitations remain. For instance, no effective means is
disclosed to ensure that once separated, the selected particles

recovered.
Yet another object of the present invention is to provide an

Will be directed to the appropriate collection device. To the
contrary, the apparatus disclosed in the Carta et al. patent

electrostatic separation apparatus that includes ?oW straight

promotes turbulent How in the separation chamber, Which

eners for both the particle mixture and curtain gas ?oWs to

can alloW deleterious re-mixing of the particles to occur

reduce turbulence in the separation chamber and improve

after separation. As should be appreciated, this reduces
ef?ciency to the point that several cycles or passes through
the apparatus may be required to achieve separation. In

35

separation ef?ciency.

addition to reducing ef?ciency, multiple passes signi?cantly

A further object of the present invention is to provide an
electrostatic separation apparatus having at least one sepa
ration chamber Wherein the length of the electric ?eld Zone

increase the particle abrasion to Which the Wall of the

is selectively adjustable for varying the quantity and quality

apparatus is subjected thereby reducing the service life of
the separator.

particle mixture.

of the selected charged particles that are draWn from the

In an effort to overcome this shortcoming, commonly

Additional objects, advantages and other novel features of

assigned US. patent application Ser. No. 08/726,255,

the invention Will be set forth in part in the description that
folloWs and in part Will become apparent to those skilled in
the art upon examination of the folloWing or may be learned
With the practice of the invention. The objects and advan
tages of the invention may be realiZed and obtained by
means of the instrumentalities and combinations particularly

entitled “Apparatus and Method for Triboelectrostatic
Separation,” proposes an improved apparatus for separating
tWo species of particles from a particle mixture With greater

45

ef?ciency and effectiveness by using a curtain gas How to
carry the selected particles draWn from the mixture to a

collector for recovery. Similar to the apparatus proposed in
the Carta et al. patent, separation is effected through the use
of oppositely charged conductor plates connected to a vari

pointed out in the appended claims.

able voltage source. The charged plates attract oppositely
charged particles aWay from the mixture and toWards the
sideWalls of the separation chamber. The curtain gas ?oW
(Which is initially devoid of particles) is then introduced into
the separation chamber to provide the cleaning action nec

described herein, an improved electrostatic separation appa

To achieve the foregoing and other objects, and in accor
dance With the purposes of the present invention as
ratus is disclosed and use of this apparatus as part of an
55

essary to remove or sWeep the particles from the plates for
recovery.

is cylindrical and has a ?rst inlet that receives a particle
mixture entrained in a dry driving ?uid, such as air. The inlet
is designed to create a spiraling, turbulent ?oW that assists
in generating a differential charge on the tWo constituent

While this apparatus is effective for separating tWo par
ticle species from a particle mixture, it should be appreciated

that further improvements in separation effectiveness and
operational ef?ciency are still possible. More speci?cally,

species of particles present in the mixture prior to delivery
to the separation chamber.

there is a need for an electrostatic separation apparatus that:

(1) reduces turbulence in the separation chamber created by
the mixing of the particle and curtain gas ?oWs to ensure that
more selected particles are separated from the particle

mixture and collected for recovery; (2) enhances particle

overall particle separation system is described. In the broad
est aspects of the invention, the improved electrostatic
separation apparatus includes at least one separator having
an electrostatic separation chamber. Preferably, the separator

The separation chamber includes an electric ?eld Zone for
65

draWing particles having a selected charge from the mixture.
Speci?cally, a concentric electrode and conductor at differ

ent electric potentials are provided in the separation chamber

US 6,498,313 B1
3

4

to create a non-uniform electric ?eld Zone. A variable

ence may be created by connecting the variable voltage

tion of the separation apparatus. This is accomplished by
adjusting the relative position of an inner partition projecting
into the separation chamber that actually de?nes the transi
tion outlet and inlet for the next-in-line separator. By moving
this inner partition upWardly into the separation chamber,

source to the conductor and grounding the electrode.

the amount of the particle mixture ?oW that is exposed to the

Depending on the charge and amount of voltage applied to
the conductor and the electrode, the difference in potential

?rst electric ?eld Zone is reduced. This Will of course result

voltage source may be connected to the electrode and

conductor to control the polarity and magnitude of the

voltage applied to each. Alternatively, the potential differ

in a reduced draW of selected charged particles, unless the
strength of the electric ?eld force vector in the electric ?eld

across the non-uniform electric ?eld creates an electric ?eld

Zone is increased by increasing the potential difference
betWeen the electrode and conductor, such as by adjusting

force vector that draWs particles having a selected charge
aWay from the particle mixture ?oW.
To remove or sWeep the selected charged particles draWn
from the particle mixture in the electric ?eld Zone, a How of
curtain gas is provided. Speci?cally, a curtain gas chamber
concentric With the ?rst inlet includes a ?rst curtain gas inlet
for supplying a ?rst curtain gas How to the separation
chamber. The curtain gas entrains the particles draWn from
the mixture and carries them to a ?rst collector for recovery.
In accordance With an important aspect of the present

the magnitude of the charge supplied by the variable voltage
source. By selectively adjusting the length and the strength
of the electric ?eld Zone, optimum conditions can be easily
15

achieved during operation to improve separation ef?ciency.
Furthermore, as Will be more readily understood from

revieWing the disclosure Which folloWs, by adjusting the

invention, improved separation ef?ciency is provided by

electric ?eld Zone(s) in doWnstream separator(s), it is pos
sible to further optimiZe the total amount of selected charged
particles separated from the particle mixture by the appara
tus and the number of stages required to acquire tWo

substantially eliminating turbulent How in the separation

substantially pure particle species.

chamber. Speci?cally, the ?rst inlet includes ?oW vanes to

In accordance With a more speci?c object of the present
invention, a plurality of separators of the type described
above may be included in a single electrostatic separation
cell. More speci?cally, the particle ?oW remaining after the
selected charged particles are recovered in a ?rst separator

straighten and smooth the particle mixture ?oW prior to

entering the separation chamber. Likewise, ?oW straighten

ers near the exit of the curtain gas chamber ensure that the 25

curtain gas entering the separation chamber is smooth and
substantially parallel to the particle mixture ?oW.
Advantageously, the smooth, parallel ?oWs of the particle

is delivered through the transition outlet to a second sepa
rator. The second separator includes a second inlet for

mixture and curtain gas keep turbulence at a minimum,

Which improves separation ef?ciency. Additionally, the
?oWs of the curtain gas and the particle mixture are prefer
ably metered to ensure that both are at substantially the same

velocities upon entering the separation chamber. As should
be appreciated, the parallel, smooth ?oWs and matched
velocities prevent deleterious re-mixing of the separated
particle species entrained in the curtain gas and those
remaining in the particle ?oW after separation. Moreover,

35

second inlet to create a turbulent ?oW. Additionally, a spiral
insert or the like may be provided in the second inlet for

assisting in recreating turbulent ?oW. This promotes particle
particle and particle-Wall contact Which charges the par
ticles. HoWever, prior to exiting the second inlet, the particle

this How pattern ensures that the curtain gas ?oW remains

effective in carrying the selected charged particles draWn
from the particle mixture in the ?rst electric ?eld Zone to the
?rst collector for recovery.
The ?rst collector includes a ?rst discharge outlet for

discharging the recovered selected charged particles to a ?rst
collection bin. A transition outlet doWnstream of the ?rst

separation chamber delivers the particle ?oW remaining after

receiving the remaining particle ?oW, Which may still con
tain selected charged particles not separated and carried
aWay as the How passed through the ?rst separator.
To ensure that the remaining particle How is adequately
charged prior to entering the second separator, the discharge
outlet de?ned by the partition tapers inWardly toWard the

How is passed through a second ?oW vane for straightening.
This ensures that the remaining particle How is substantially
parallel to a vertical axis of symmetry of the second inlet
45

passing through the ?rst separator to a next-in-line separator.

upon entering the second separation chamber.
Upon exiting the second inlet, the particle ?oW enters a
second separation chamber. This second separation chamber
includes a second electric ?eld Zone for draWing any remain

Alternatively, the remaining particle How may be delivered

ing selected charged particles from the remaining particle

directly to a second collection bin if further separation is
unnecessary or undesired.

?oW. The second separation chamber may be substantially
identical in construction to the ?rst separation chamber, such

As noted above, the electric ?eld Zone is created betWeen
the conductor and the electrode by supplying a different

that the second electric ?eld Zone is created by an electrode
and a concentric conductor held at different electric poten

electric potential to each to create a non-uniform electric

tials. The electrode in the second separation chamber may be

?eld that serves to draW particles having a selected charge

from the particle mixture. In the preferred embodiment, the

55

conductor is cylindrical and is positioned or embedded in an
outer Wall of the separation chamber. The electrode is
positioned at the center and may extend through the sepa

an extension of the electrode in the ?rst chamber, or
alternatively, can be a separate segment. In the latter case, a
separate variable voltage source can be connected betWeen

each segmented electrode and conductor. This arrangement

ration chamber only or, alternatively, from the ?rst inlet,

alloWs for the potential difference across the electric ?eld
Zone in each separator to be selectively adjusted to improve

through the separation chamber, and into the discharge

particle separation.

outlet. HoWever, portions of the electrode outside of the

To carry aWay the selected charged particles draWn from
the remaining particle ?oW, a second curtain gas How is

separation chamber are preferably coated With a non

conductive material to prevent deleterious sparking betWeen
the Walls of the inlet or outlet and the electrode.

In accordance With an important aspect of the present
invention, the length of the electric ?eld Zone in the sepa

ration chamber is selectively adjustable, even during opera

65

provided. The second curtain gas ?oWs from a second
curtain gas chamber concentric With the second inlet. FloW
straighteners positioned near the exit of the second curtain
gas chamber ensure that the second curtain gas ?oW remains

substantially parallel to a vertical axis of the separation

US 6,498,313 B1
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chamber prior to entering the second separator. Similar to
the operation of the ?rst separator, the second curtain gas
?oW entrains and carries the selected charged particles

tors or the like for particle recovery. The ?rst and second
collection devices are in ?uid communication With the

removed by the second electric ?eld Zone to a second

particle mixture, and the particle ?oWs through the plurality

collector for recovery. As the species of particles collected in

of electrostatic separation apparatus and eventually to the
appropriate collection device for recovery.
A method of separating tWo species of particles from a
particle mixture is also disclosed. In the broadest aspects of
the method, the steps include feeding the particle mixture to

doWnstream induced draft fan to draW the driving ?uid, the

the second separator are the same species that Were removed
in the ?rst separator, the second collector is connected to a

manifold in ?uid communication for delivering the particles
collected to the ?rst collection bin.
As should be appreciated, a third separator similar in

a ?rst inlet to create a turbulent particle mixture How to

electrostatically charge the particles, straightening the par
ticle mixture ?oW, delivering the straightened particle mix

operation to the ?rst and second separators described above
may form a part of the electrostatic separation apparatus of
the present invention. Furthermore, each electrostatic sepa
ration apparatus may include more than three separators

arranged serially, depending on the types of particles being

ture How to a ?rst separation chamber having a ?rst electric

?eld Zone for draWing the selected charged particles
15

separated, the How rate, the differential charges created on

therefrom, introducing a smooth curtain gas How to the

separation chamber substantially parallel to the particle
mixture How to entrain and carry the selected charged
particles draWn from the particle mixture to a collector for
recovery, and delivering the remaining particle How to a
second separator doWnstream of the ?rst separator.

the particles, and other parameters. Preferably, the last
separator in the separation apparatus includes a terminal

outlet for discharging the particle ?oW remaining after the
selected charged particles are fully removed to a second
collection bin, Which of course should be a substantially

Advantageously, by ensuring that the particle mixture and

pure, commercially acceptable product consisting of only a
single species of particles. Thus, after processing the particle

the separation chamber is minimiZed, thereby resulting in

mixture through the separation apparatus, the result is a
single species of particles held in the ?rst collection bin and
a second species of particles held in the second collection
bin.
In accordance With another more speci?c aspect of the
present invention, a plurality of the electrostatic separation
apparatus described above may be fed by a single distributor.
Advantageously, this alloWs for simultaneous separation to
occur to further enhance operational ef?ciency. In the pre
ferred embodiment, the distributor is frusto-conical in shape
and includes a plurality of discharge ports each correspond
ing to the ?rst inlet of a electrostatic separation apparatus

curtain gas ?oWs remain substantially parallel, turbulence in

enhanced separation ef?ciency.
25

embodiment of this invention, simply by Way of illustration
of one of the modes best suited to carry out the invention. As

it Will be realiZed, the invention is capable of other different
embodiments and its several details are capable of modi?

cation in various, obvious aspects all Without departing from

the invention. Accordingly, the draWings and descriptions
Will be regarded as illustrative in nature and not as restric

tive.
35

positioned adjacent to the distributor. Ideally, the particle

a part of the speci?cation, illustrate several aspects of the
present invention and together With the description serve to

explain the principles of the invention. In the draWings:
FIG. 1 is a schematic representation of the particle sepa

bene?cial for particle separation.

ration system including a plurality of cylindrical multistage

Yet another more speci?c aspect of the invention is to

electrostatic separation apparatus or cells positioned around

include the plurality of electrostatic separation apparatus and

a central frusto-conical distributor and ?rst and second
45

source, such as a forced draft fan for bloWing ambient air

FIG. 3 is a partially schematic, cross-sectional side vieW

of a single multistage electrostatic separation cell including
?rst, second, and third separators in series;

the driving ?uid through the system. The action of the
induced draft fan may also provide the source for the curtain

FIG. 4 is a partially schematic, cutaWay cross-sectional
side vieW of a portion of the electrostatic separation cell
55

shoWn in FIG. 3, illustrating in particular the How patterns
of the curtain gas and the particle mixture from the separa
tion chamber to the collector or transition outlet, respec

tively;
FIG. 5 is a partially schematic, cutaWay cross-sectional
side vieW similar to FIG. 4, but illustrating the separation of
the selected charged particles from the particle mixture in
the electric ?eld Zone, said selected charged particles then

separation apparatus of the type described above including
at least one, and preferably a plurality of, separators each
having a collector. Each collector includes a discharge outlet
for discharging the selected charged particles to a ?rst

entrained in the curtain gas and carried to the collector

collection bin, While the particle ?oW exiting the last-in-line
separator is discharged through a terminal discharge outlet
lection bins in turn discharge the particle How to separate
?rst and second collection devices, such as cyclone separa

once separated;

drical multistage electrostatic separation cells surrounding
the single central distributor;

source is positioned upstream of the distributor and an
induction source, such as an induced draft fan, is provided
doWnstream of the ?rst and second collection bins to draW

feeding a second collection bin. The ?rst and second col

collection bins for recovering the tWo species of particles
FIG. 2 is a top schematic vieW of the plurality of cylin

into a feed line supplying the distributor. The driving ?uid

gas ?oW for each separation stage. A feeder is provided in
?uid communication With the forced draft fan for supplying
the particle mixture to the distributor, Which as described
above is preferably frusto-conical in shape. The distributor
assists in charging the particle mixture and then supplies a
portion of the mixture to each of a plurality of electrostatic

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying draWings incorporated in and forming

mixture is tangentially introduced from the distributor into
the separation apparatus to initiate turbulent How to induce
particle-particle and particle-side Wall contact Which creates
the differential charging of the tWo particle species that is

the distributor in a particle separation system. In the pre
ferred embodiment, the system includes a driving ?uid

Still other objects of the present invention Will become
apparent to those skilled in this art from the folloWing
description Wherein there is shoWn and described a preferred

doWnstream of the separation chamber for recovery.
65

Reference Will noW be made in detail to the present

preferred embodiment of the invention, an example of Which
is illustrated in the accompanying draWing.

US 6,498,313 B1
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DETAILED DESCRIPTION OF THE
INVENTION

application Ser. No. 08/765,255, the full disclosure of Which

is incorporated herein by reference.
Referring noW to FIG. 3, each supply line 24 delivers the
differentially charged particle mixture to a ?rst inlet 26 that
forms a part of the ?rst separator 28 of each cell 10.
Preferably, and as best illustrated by vieWing FIGS. 2 and 3

Reference is noW made to FIG. 1 showing a particle

separation system S including a plurality of electrostatic
separation apparatus in the form of cylindrical cells 10
surrounding a central distributor 12. The cells 10 may be

used in the separation and puri?cation of the mineral matter
or pyrite constituents from the carbon constituents in ?nely
ground coal; ash constituents from carbon in coal combus
tion ash; speci?c minerals obtained from ?ne-siZed mineral
mixtures; heavy metal or radioactive components Which are
physically mixed in soils or other materials and ceramics
contained in mixtures of ceramics, metals or organic poly
mers. In all cases, the terms “?ne siZed” or “?nely ground”

refer to particles having physical diameters in the range of

together, the supply lines 24 introduce the particle mixture
?oW P tangentially into the ?rst inlet 26, Which creates a

spiral, turbulent particle mixture ?oW PT (see spiral action
10

contact to ensure that the bene?cial differential charge

remains on the tWo particle species in the particle mixture

prior to electrostatic separation. Optionally, the particle
15

mixture How may be introduced from the top of the cell 10
or parallel to its axis of symmetry. Preferably, the ?rst inlet
26 has a diameter of betWeen 2.0 and 5.0 centimeters.
Referring noW to FIG. 3, the construction of each elec
trostatic separation cell 10 is illustrated in detail. From the

20

inlet 26, the turbulent particle mixture ?oW PT spirals
doWnWardly toWard a separation chamber 30 that performs
the electrostatic particle separation. Aplurality of How vanes

500 pm to approximately 0 pm and preferably, a diameter
smaller than 75 pm. It should be appreciated that the

apparatus is used for separating dry particles in contrast to
Wet particles or Wet separation systems in Which Water or
some other liquid With or Without Water is used to effect

particle separation.
As shoWn in FIG. 1, the system S includes a holding tank

32 positioned parallel to the axis of How are provided at the

14 for receiving a particle mixture comprising tWo species of

particles P1 and P2. The particle mixture is delivered by

arroWs in inlet 26 shoWn in FIG. 3). This turbulent particle

mixture ?oW PT promotes particle-particle and particle-Wall

exit of the ?rst inlet 26. These vanes 32 serve to disrupt any
25

gravity from the holding tank 14 to a feeder 16, Which in turn

supplies metered quantities of the particle mixture through

tangential or spiral ?oW PT and ensure that substantially
straight and smooth particle mixture ?oW PS is created upon

an air lock 18 to a feeder line 20. In the feeder line 20, the

entering the separation chamber 30 (see FIG. 4). The How

particle mixture encounters and is entrained in a driving
?uid, such as ambient air, to create a particle mixture ?oW

vanes 32 may be of any type knoWn in the art, such as a grid
or honeycomb-like structure or any other knoWn device that
can be used to straighten ?uid ?oW.

30

P. In the preferred embodiment, the driving ?uid is supplied

To provide for the desired electrostatic separation, the

by a driving ?uid source, such as a forced draft fan 22,
positioned upstream of the feeder line 20. The ?uid or gas is
preferably ambient air, but other gases such as nitrogen,
helium, argon, carbon dioxide, or combustion ?ue gas can be
used at temperatures betWeen approximately 25° C. to 300°
C.
The feeder line 20 supplies the particle mixture ?oW P to
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the distributor 12, Which is frusto-conical in shape. The
distributor 12 is primarily Where the particle mixture
becomes tribocharged prior to entering the individual sepa

40

separation chamber 30 includes an electric ?eld Zone having
a non-uniform electric ?eld. This electric ?eld serves to

electric ?eld is created by an electrode 34 and a conductor
36 concentric With the electrode 34. The electrode 34 may be

ration cells 10. As is knoWn in the art, the extent to Which

the particle mixture is tribocharged depends on the How
behavior Within the distributor 12. Preferably, to enhance
tribocharging, the How is turbulent to induce particle

grounded G and the conductor in the separation chamber 30
attached to a variable voltage source V. Alternatively, the
electrode 34 may be attached to a lead from the variable

voltage source V (see dashed line in FIGS. 3, 4, and 5) to
create the potential difference. Preferably, the voltage
45

particle and particle-Wall contact, With the Reynolds
Number, Re, greater than 2300 (Where Re=D~V/v, Where
D=the characteristic dimension of the distributor 12, V=the

?uid ?oW velocity, and v=the kinetic viscosity of the ?uid).
As perhaps best shoWn in FIG. 2, the distributor 12
includes a plurality of discharge ports connected to supply

draW the selected charged particles P1 from the smooth
?oWing particle mixture PS as it enters the separation
chamber 30. In the preferred embodiment, the non-uniform

50

lines 24 that deliver the entrained particle mixture ?oW P to

applied can be varied from betWeen 0 to 50,000 volts.
In the preferred embodiment, the How vane 32 in the ?rst
inlet 26 also serves the advantageous function of providing

a guide for receiving and holding the electrode 34 in the
proper position in the center of the cell 10. The electrode 34
may either extend from the top of the cell 10, along the ?rst
inlet 26 and through the separation chamber 30, as
illustrated, or optionally may be formed in segments extend

each electrostatic separation cell 10. Preferably, the solid/gas

ing only the length of the individual separation chamber 30.

mass ratio in the supply lines 24 leading to each cell 10 is
about 1:1, but can vary from betWeen 10:1 and 1:1000. The

In the former case, the portions of the electrode 34 housed
in the inlet 26 and in close proximity to other outside
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structures are preferably coated With a non-conductive

velocity of the particle mixture/gas How in each supply line
24 is preferably near 10 m/s, but velocities betWeen 1 and 50

material, such as te?on, polyvinylchloride (PVC), rubber, or

m/s may also be employed. Of course, higher velocities

other elastomers, ceramic materials, or insulators. As should

impart greater differential charging of the particles by tri
bocharging action by maximiZing the particle-particle and
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particle-Wall collisions. As is knoWn in the art, the supply

grounded, While the outer, concentric conductor 36 carries a
variable voltage to create a potential difference and hence an

lines 24 may be fabricated from or lined With a Wear

resistant dielectrical material in order to selectively charge
one of the species of particles to be separated While mini
miZing the charge on the other species or selectively charg
ing both of the species With different polarities. A listing of
suitable materials can be found in commonly assigned

be appreciated, this coating decreases the incidence of
voltage breakdoWn or sparking.
In the illustrated embodiment, the inner electrode 34 is
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electric ?eld betWeen the tWo. Depending on the charge
supplied to the outer conductor 36, the electric ?eld force

vector direction Fq projects radially inWardly or radially
outWardly. In the illustrated embodiment, for example, the
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charge on the conductor 36 may be positive, Which Will

pressure so that the collected selected charged particles P1
do not How back into the separation chamber 30 and, thus,

cause a radially outwardly directed force vector direction F q

(see horizontal action arroWs in separation chamber 30 in
FIG. 3). This causes particles having a higher differential
charge to be draWn toWard the conductor 36 upon entering

further serves to reduce turbulence and the potential for

the separation chamber 30, While the loWer differentially
charged particles remain near the electrode 34. Although
described in terms of oppositely charged particles, it should

de?nes the inner Wall of the ?rst collector 48 also creates a

deleterious re-mixing.
As best shoWn in FIGS. 4 and 5, the inner partition 50 that

cylindrical transition outlet 52. This transition outlet 52
receives the remaining particle ?oW P‘ exiting from the ?rst
separation chamber 30 and transitions it to the next-in-line,

be appreciated that the attraction may occur Where the

particles are merely differentially charged.

10

As should be appreciated, the potential difference created

or second, separator 58, Which may be identical in construc
tion to the ?rst separator 28. As should be appreciated,

in the electric ?eld Zone is bene?cial in separating the tWo

although the ?rst separator 28 may remove all or a substan

species of particles P1, P2 from the particle mixture P.

tial amount of the selected particles depending on the siZe
and strength of the electric ?eld Zone, the types of particles,

Preferably, the length of the electric ?eld Zone is betWeen 2
and 15 centimeters and is variable, as described in detail
beloW, While the length of the outer Wall of the separation
chamber 30 is betWeen 10 and 50 centimeters. The separa
tion chamber 30 is betWeen 4 and 50 centimeters in diameter
(2 to 10 times greater than the diameter of the inlet). Amost
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the charges, and other factors, it is likely that the remaining
particle mixture P‘ Will include constituent particle species
P1 and P2, thus requiring further separation to recover a

substantially pure product.
To ensure that a proper charge is retained on the particles

preferred ratio of the separation chamber diameter-to-inlet

P1 and/or P2 in the remaining particle ?oW P‘ as the

diameter is about 6:1.
In accordance With an important aspect of the invention,
the ?rst separator 28 also includes a ?rst curtain gas chamber
38 concentric With the ?rst inlet 26 for supplying a curtain
gas ?oW CG to the separation chamber 30. More speci?cally,
the curtain gas chamber 38 includes a ?rst curtain gas inlet
40 for delivering a curtain gas ?oW CG. As noted beloW, the
curtain gas How is preferably the exhaust from the doWn
stream induced draft fan also forming a part of the system,

transition is made from the ?rst separator 28 to the second
separator 58, the transition outlet 52 preferably narroWs to
form the second inlet 60. This narroWing serves to reform

the remaining particle ?oW P‘ thereby promoting particle
25

but it is also possible to use a separate curtain gas source.
The inlet 40 is preferably siZed or metered so as to control
the amount of curtain gas CG that is introduced. As shoWn

the particles.

in FIG. 4, upon entering the curtain gas chamber 38 from the
inlet 40, the How of the curtain gas is turbulent, as repre

sented by reference symbol CGT. FloW straighteners 44

particle and particle-Wall contact and creating a turbulent
?oW regime PT‘ to encourage tribocharging. To further assist
in creating this turbulent ?oW PT‘, a spiral insert 62 or other
type of How diversion medium may be positioned betWeen
the transition outlet 52 of the ?rst separator 28 and the
second inlet 60. This insert 62 serves to directly disrupt the
smooth How of the remaining particle mixture ?oW P‘ and
create particle-particle and particle-Wall contact to recharge
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positioned doWnstream from the curtain gas inlet 40 serve to
reduce the turbulence and form a smooth curtain gas ?oW

As shoWn in FIG. 3, the second separator 58 is identical
in construction and operation to the ?rst separator 28. More

speci?cally, prior to exiting the second inlet 60, the remain
ing particle mixture ?oW P‘ is passed through a How vane 64
for straightening to ensure that it remains substantially

CGS that is parallel to the straightened particle mixture ?oW
PS upon entering the separation chamber 30. Preferably, the
How straighteners 44 take the form of tubes having aspect
ratios, i.e., the ratio of length to diameter, of greater than

parallel to a vertical centerline axis of the second inlet 60.

Upon exiting the second inlet, the remaining particle ?oW P‘
enters a second separation chamber 66 including a second

20:1.

electric ?eld Zone having a concentric conductor 67 and an

As the tWo previously separate ?oWs CGS and PS come

electrode 34 for draWing any remaining selected charged

into contact, they remain parallel by virtue of the
straightened, smooth ?oW patterns created just upstream of

particles therefrom. A second curtain gas chamber 68 con
centric With the second inlet 60 includes a second curtain gas
inlet 70 for supplying a second curtain gas ?oW, Which is

45

the separation chamber 30. To further ensure that the ?oWs

remain parallel, the velocities are preferably matched by

also preferably the exhaust from the doWnstream induced
draft fan (see beloW). This second curtain gas ?oW entrains
and carries the selected charged particles removed in the

using metering valves or the like (not shoWn). By doing so,
any tendency to intermix is minimiZed, Which advanta

geously reduces turbulence and improves separation ef?

second separation chamber 66 to a second collector 72 for
recovery. Atransition outlet 74 is also provided in the second

ciency. As a result of the tWo ?oWs remaining discrete, the

selected charged particles P1 in the separation chamber 30

separator 58 for discharging the remaining particle ?oW P“
exiting from the second separation chamber 66.
It should be appreciated that each electrostatic separation

are freely draWn from the particle mixture P toWard the
conductor 36 and become entrained in the smooth curtain

gas ?oW CG5. This curtain gas ?oW CG5 then moves straight 55 cell 10 may include three or more individual separators

toWard a ?rst collector 48 de?ned by an upstanding inner

arranged serially in stages, depending on the types of
particles being separated, the How rate, the charges on the

partition 50, Where the separated particles P1 are temporarily
collected prior to recovery.

particles, and other parameters. Thus, as illustrated in FIG.
3, a third separator 78 similar in operation to those described
above may folloW the second separator 58 for receiving the

As should be appreciated, the selected charged particles
P1 thus attracted by the conductor 36 are carried by the
smooth, straightened curtain gas ?oW CGS to the ?rst
collector 48 for recovery (see FIGS. 4 and 5). The ?rst
collector 48 includes a discharge outlet 49 for delivering the
How of selected charged particles P1 to collection devices, as
described in further detail beloW. Preferably, the diameter of
the discharge outlet 49 is at least equal to the diameter of the
curtain gas inlet 40. This prevents any build-up of back

remaining particle ?oW P“. Speci?cally, the third separator
78 includes a third inlet 80 having a third ?oW vane 82, a
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third separation chamber 84 including a third conductor 85
concentric With the electrode 34, a third curtain gas inlet 86
and chamber 88, for supplying a third curtain gas ?oW
(Which may be the exhaust from the induced draft fan
forming a part of the system, as described further beloW), a
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To recover the particle species P2 discharged by the

third ?oW straightener 90, a third collector 92 for recovering
the selected charged particles, and a third transition outlet
94. Each cylinder de?ning the next-in-line separator is
connected in a telescoping fashion to the upstream separator.

discharge outlet 100 in the last-in-line separator, such as the
third separator 78, a second collection device or bin 110
preferably similar in construction to the ?rst collection bin

This alloWs for modular construction so that separators to be
easily removed or added as necessary depending upon the

104 is provided. A second transition tube 112 delivers the
particle ?oW P2 from the second collection bin to a second

particular application.

cyclone separator 114 or similar apparatus. The substantially

pure particle species P2 separated from the driving ?uid in

An important feature of the electrostatic separation appa
ratus 10 of the present invention is the ability to vary the
length of the electric ?eld Zone in each separator. As

illustrated by comparing the ?rst and second separators 28,
58 in FIG. 3, the loWer cylinder de?ning the partition 50
telescopes into the upper cylinder that de?nes the ?rst
curtain gas chamber 38, the ?rst separation chamber 30, and
the ?rst collector 48. Thus, by moving the loWer cylinder
supporting the partition 50 relative to the upper cylinder, it

the cyclone separator 114 is then discharged to a holding
10

provided doWnstream of the separation cells 10, and most
preferably doWnstream of the cyclone separators 108, 114.
15

commercially. The translation direction is parallel to the axis
of the cylinders. Upon movement of the loWer cylinder,
during Which time the distance d1 is varied, the distance d2

connected to an induction tube 118 in simultaneous ?uid

In summary, numerous bene?ts may be realiZed by
25

employing the concepts of the presently proposed electro
static separation system S, including an improved electro
static separation cell 10 for separating tWo species of par
ticles from a particle mixture. The system improves
operational ef?ciency by using a single distributor 12 to
tribocharge and supply the particle mixture to a plurality of
electrostatic separation cells 10. Each cell 10 includes at
least one separator 28 including an inlet 26 and a separation
chamber 30 having an electric ?eld Zone for draWing

selected charged particles from the particle mixture.
Advantageously, the length of the electric ?eld Zone is
35

distance of the electric ?eld Zone is reduced, such as at d2 or

d3, a greater potential difference is required to provide the
same particle extraction force. By adjusting the lengths and
potential difference accordingly, it is possible to ensure that
optimum separation ef?ciency is achieved in each separator.

selectively adjustable for varying the charged particle draW
ing action. A curtain gas How is introduced into the sepa
ration chamber 30 to carry the selected charged particles
draWn from the particle mixture to a collector 48. To

improve separation ef?ciency, ?oW straighteners 32, 44 are
provided for both the particle mixture How and the curtain
gas How to reduce turbulence in the separation chamber 30.
The collector 48 includes a discharge outlet 49 for discharg
ing the selected charged particles to a ?rst collection bin 104.
A transition outlet 100 is also provided doWnstream of the
separation chamber 84 that alloWs the particle ?oW exiting

It should also be appreciated that it is possible to vary the
potential difference provided across the electric ?eld Zone

Within each separator by connecting a variable voltage
source V to each individual conductor 36. Also, Where the
electrode 34 is segmented, it is also possible to connect one
lead of a separate variable voltage source to each segment to
vary the potential difference across each electric ?eld Zone.
Moreover, in doWnstream separators, it is possible to con
serve energy and reduce overall processing costs by

In the preferred embodiment, the induced draft fan 116 is

communication With the ?rst and second cyclone separators
108, 114. Thus, the forced draft fan 22 and induced draft fan
116 operate in concert to insure that particles are ef?ciently
moved through the apparatus. By using the exhaust from the
induced draft fan 116 to supply the curtain gas ?oW CG for
each separation stage, a completely self-contained system
may be provided.

loWer cylinder can be accomplished by use of a motor
driven, translation screW device Which is attached to the
outside Wall of the loWer cylinder. Such a device is available

separation action. For example, if the distance of the electric
?eld Zone is particularly long, such as d1, the potential
difference required to draW the selected charged particles
from the particle mixture ?oW P is reduced. In contrast, if the

To assist in draWing the particle ?oW through the system
S, an induction source, such as an induced draft fan 116, is

is possible to vary the distance d1 of the electric ?eld to
Which the particle mixture How is exposed. Movement of the

is also varied. Hence, it is advisable to use synchroniZable
translation devices Which are attached to each separation
chamber and Which enable either synchroniZed translation of
each chamber, i.e. movement in Which d1 can be changed
While d2 and d3 are kept constant, or independent translation
of each chamber, i.e. movement in Which d1, d2 and d3 can
be independently varied to greater or lesser lengths. Thus, as
illustrated With the second separator in FIG. 3, the distance
d2 may be reduced because not as many selected particles
are present for removal. In addition to improving ef?ciency,
this also alloWs for adjustments to be made to ?ne tune the

drum 115 or the like, also ready for use.

45 therefrom to be recovered in a second collection bin 110 or

passed to a second separator 58 to further separate and

collect the selected charged particles remaining in the par
ticle ?oW. To improve separation effectiveness in the second
separator, the particle ?oW exiting through the transition

de-energiZing the electric ?eld if further separation is found

outlet 100 may be remixed to promote particle-particle and

to be unnecessary.

particle-Wall contact for tribocharging the particles and then
straightened prior to entry. Using the exhaust from an

To recover the particle species from the collectors 48, 72,
92 in each cell 10, a discharge outlet 49, 73, 93 is provided

induction source 116 used to draW the particle ?oW through
the system S as the curtain gas CG also alloWs for a

in ?uid communication With a collection manifold 102 (see

FIG. 1). In the illustrated embodiment, each collection
manifold 102 preferably corresponds to a single cell 10 and
includes port(s) corresponding to each collector 48, 72, 92.
The collection manifold 102 itself is in ?uid communication
With a ?rst collection bin 104 or a similar collection device.

Preferably, the ?rst collection bin 104 is inverted and
frusto-conical such that it discharges the How containing the

collected species of particles P1 through a ?rst transition

55

completely self-contained system to be provided.
The foregoing description of a preferred embodiment of
the electrostatic separation cell 10 and system S of the
present invention has been presented for purposes of illus
tration and description. It is not intended to be exhaustive or
to limit the invention to the precise form disclosed. Obvious
modi?cations or variations are possible in light of the above
teachings. The embodiment Was chosen and described to

tube 106. The transition tube 106 delivers this particle ?oW
P1 to a ?rst cyclone separator 108 or similar apparatus, such
as a bag ?lter, for removing the particles from the How of the

provide the best illustration of the principles of the invention
and its practical application to thereby enable one of ordi

driving ?uid. The substantially pure species of particles P1

65 embodiments and With various modi?cations as are suited to

nary skill in the art to utiliZe the invention in various

is then discharged to a holding drum 109 or the like, ready

the particular use contemplated. All such modi?cations and

for use.

variations are Within the scope of the invention as deter
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mined by the appended claims When interpreted in accor
dance With the breadth to Which they are fairly, legally and

introducing said particle mixture ?oW received from the

equitably entitled.

spiraling How to assist in differentially charging the particles

What is claimed is:
1. A method for separating and removing a ?rst species of

distributor into each said ?rst inlet to create a turbulent or

5

electrostatically charged particles from a particle mixture

parallel to a vertical axis of said ?rst inlet prior to exiting
therefrom.

feeding the particle mixture How to a ?rst inlet of a
separator to create a turbulent particle mixture How to

7. The electrostatic separation apparatus according to
claim 6, Wherein said ?rst separation chamber further

assist in electrostatically charging the particles;
straightening and smoothing the turbulent particle mix

includes a ?rst electrode and a ?rst conductor concentric

With said ?rst electrode, said ?rst electrode and ?rst con
ductor having differential charges to create a non-uniform
electric ?eld in said ?rst electric ?eld Zone for draWing the

ture ?oW;
delivering the particle mixture How to a ?rst separation
chamber having a ?rst electric ?eld Zone for draWing a 15

species of particles having the selected charge from the
smooth particle mixture ?oW;

coated With a non-conductive material to prevent sparking.

and carry the species of particles having the selected
charge draWn from the smooth particle mixture How to

9. The electrostatic separation apparatus according to
claim 8, Wherein said How vane includes a center aperture

a collector for recovery,

that receives and provides alignment for said ?rst electrode

delivering a remaining particle How to a second separa
tion chamber having a second electric Zone for draWing

in said ?rst inlet.
25

therefrom,
collecting the remaining particle ?oW;

?rst curtain gas How and particle mixture ?oWs are substan
tially parallel upon entering said ?rst electric ?eld Zone to

reduce turbulence and improve separation ef?ciency.

mixture.
2. The method according to claim 1, Wherein the step of

11. The electrostatic separation apparatus according to
claim 3, Wherein the length of said ?rst electric ?eld Zone is

delivering the remaining particle How to a second separation
chamber includes the steps of ?rst feeding the particle How

selectively adjustable.

to a second inlet to create a second turbulent particle How to 35

electrostatically recharge the particles and then straightening

selected charge to a ?rst collection bin.

13. The electrostatic separation apparatus according to
claim 3, Wherein said ?rst separator further includes a ?rst

having a selected electrostatic charge from a particle mixture
?oW including a ?rst species and at least one second species

transition outlet for discharging a ?rst remaining particle

?oW;

of particles entrained in a driving ?uid, comprising:

each of said plurality of electrostatic separation cells

a distributor for receiving and assisting in creating a
differential charge on the tWo species of particles

further including a second separator doWnstream of
said ?rst separator, said second separator including a
45

a plurality of electrostatic separation cells positioned in a

second inlet for receiving the ?rst remaining particle
?oW discharging from said ?rst transition outlet, a

parallel relationship, each having a ?rst separator
including a ?rst inlet for receiving the particle mixture

second separation chamber for receiving the ?rst
remaining particle ?oW from said second inlet, said
second separation chamber having a second electric
?eld Zone for draWing any remaining particles of the
species of particles having the selected charge from the
?rst remaining particle ?oW, and a second curtain gas

?oW from said distributor, a ?rst separation chamber
having a ?rst electric ?eld Zone for draWing the species

of particles having the selected charge from the particle

55

species of charged particles having the selected charge

chamber concentric With said second inlet, said second
curtain gas chamber having a second curtain gas inlet
for receiving a second curtain gas ?oW for entraining

and carrying the species of particles draWn from the

draWn from the particle mixture How in the ?rst electric

?rst remaining particle How to a second collector for

?eld Zone to a ?rst collector for recovery,

recovery.

Whereby separation ef?ciency may be greatly improved
by simultaneously processing the particle mixture How

14. The electrostatic separation apparatus according to
claim 13, Wherein said second inlet is provided With an
insert for creating a turbulent How to triboelectrically

in each of the plurality of separation cells in parallel
With carrying aWay of the selected charged particles by

recharge the ?rst remaining particle ?oW exiting the ?rst

the ?rst curtain gas How in each separator.

separator and a How vane to realign the ?rst remaining

4. The electrostatic separation apparatus according to

claim 3, further including a supply line for tangentially

12. The electrostatic separation apparatus according to
claim 3, Wherein said ?rst collector includes a ?rst discharge

outlet for discharging the species of particles having the

the second particle turbulent ?oW prior to entering the
second separation chamber.
3. An apparatus for separating a species of particles

claim 3, Wherein said distributor is frusto-conical.
5. The electrostatic separation apparatus according to

10. The electrostatic separation apparatus according to
claim 3, Wherein said ?rst curtain gas chamber includes at
least one How straightener to realign the ?rst curtain gas ?oW
substantially parallel to the vertical axis of said ?rst inlet

prior to entering said ?rst separation chamber, Whereby said

Whereby the substantially parallel smooth ?oWs reduce
turbulence and improve separation of the species of
particles having the selected charge from the particle

mixture ?oW, and a ?rst curtain gas chamber concentric
With said ?rst inlet, said ?rst curtain gas chamber
having a ?rst curtain gas inlet for receiving a ?rst
curtain gas ?oW for entraining and carrying aWay the

species of particles having the selected charge from the
particle mixture.
8. The electrostatic separation apparatus according to
claim 7, Wherein said ?rst electrode extends concentrically
along said ?rst inlet and through said ?rst separation
chamber, a portion of said ?rst electrode in said ?rst inlet

introducing a curtain gas How to the separation chamber
parallel to the smooth particle mixture How to entrain

forming the particle mixture ?oW; and

claim 5, Wherein said ?rst inlet includes a How vane to

disrupt and realign the particle mixture ?oW substantially

?oW including at least a second species of particles, com

prising the steps of:

any species of particles having the selected charge

in the particle mixture ?oW.
6. The electrostatic separation apparatus according to
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particle ?oW substantially parallel to the vertical axis of said
second inlet prior to exiting therefrom.
15. The electrostatic separation apparatus according to
claim 13, Wherein said ?rst collector includes a ?rst dis
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charge outlet for discharging the particles collected therein

a second collection device for receiving a particle ?oW

to a ?rst collection bin and said second collector includes a

remaining after said species of particles having the

second discharge outlet in ?uid communication With said
?rst outlet for discharging the remaining particles to said
?rst collection bin.
16. The electrostatic separation apparatus according to
claim 13, Wherein said second separator further includes a
second transition outlet for a second remaining particle ?oW;
each of said plurality of electrostatic separation cells
further including a third separator doWnstream from
said second separator, said third separator including a

selected charge are removed by said ?rst and second
separators; and
an induction source in ?uid communication With said ?rst

and second collection devices for draWing the driving
?uid through the apparatus.
20. The system according to claim 19, Wherein said
10

third inlet for receiving the second remaining particle

21. A multistage electrostatic separation cell for use in

?oW discharging from said second transition outlet, a
third separation chamber having a third electric ?eld

Zone for draWing any remaining species of particles
having the selected charge from the second remaining

induction source includes an exhaust port, Wherein the
driving ?uid exhausted from the induction source serves as
the source for the ?rst curtain gas.

15

separating and recovering a species of electrostatically
charged particles having a selected charge from a particle
mixture ?oW comprised of the ?rst species of particles and
at least one second species of particles, said particle mixture
?oW entrained in a dry driving ?uid, and supplying the

particle ?oW, and a third curtain gas chamber having a
third curtain gas inlet for receiving a third curtain gas

non-selected species of particles to a collection device for

?oW for entraining and carrying the particles draWn

recovery, comprising:

from the second remaining particle How to a third
collector for recovery.

a ?rst separator including a ?rst inlet having a ?rst

non-electrically charged ?oW vane for straightening
and smoothing the particle mixture ?oW prior to enter

17. The electrostatic separation apparatus according to
claim 16, Wherein said ?rst collector includes a ?rst dis

ing a ?rst separation chamber having a ?rst electric

charge outlet for discharging the species of particles having
the selected charge to a ?rst collection bin and said third
collector includes a third discharge outlet in ?uid commu

?eld Zone for draWing the species of particles having
the selected charge from the particle mixture ?oW, said

25

?rst separator further including a ?rst curtain gas
chamber including a How straightener for supplying a
smooth ?rst curtain gas ?oW parallel to the smooth

nication With said ?rst discharge outlet for discharging the
species of particles having the selected charge to said ?rst
collection bin.

particle mixture ?oW, said curtain gas ?oW entraining
and carrying the species of particles having the selected
charge draWn from the particle mixture How in the ?rst

18. The electrostatic separation apparatus according to
claim 17, Wherein said third separator includes a terminal
outlet for discharging a third remaining particle How to a
second collection bin.

electric ?eld Zone to a ?rst collector for recovery, and

19. Amultistage electrostatic apparatus for separating and
removing a selected ?rst species of electrostatically charged
particles from a particle mixture including at least one

35

second species of particles, comprising:

a ?rst transition outlet; and
a second separator doWnstream of said ?rst separator
including a second inlet for receiving a remaining

smooth particle ?oW from said ?rst transition outlet,

a feeder for supplying the particle mixture;
a pressuriZed driving ?uid source for supplying a driving
?uid to entrain the particle mixture supplied by said

separating any remaining particles having the selected
charge from the particle ?oW, and supplying the sepa
rated particles to a second collector, and a second outlet

feeder;
a distributor for receiving the entrained particle mixture
from the feeder;
a plurality of cells positioned in a parallel relationship,
each having a ?rst separator including a ?rst inlet for
receiving a portion of the entrained particle mixture
from said distributor, a ?rst separation chamber having
a ?rst electric ?eld Zone for draWing the species of

for discharging a second remaining particle ?oW for
recovery by the collection device.

22. The multistage electrostatic separation cell according
to claim 21, Wherein the second inlet is adapted for receiving

and disrupting the remaining smooth particle ?oW including
45

particles, said second inlet further including a second ?oW

vane for straightening and smoothing the remaining particle

particles having a particular charge from the particle

?oW;

mixture, and a ?rst curtain gas inlet for introducing a
?rst curtain gas into said ?rst separation chamber to

a second separation chamber for receiving the remaining
smooth particle ?oW from said second inlet, said sec
ond separation chamber having a second electric ?eld
Zone for draWing any of the species of particles having

entrain and carry the species of particles having the
selected charge to a ?rst collector for recovery;
each of said cells further including a second separator
doWnstream of said ?rst separator having a second inlet

the selected charge from the remaining particle ?oW;
55

for receiving the particle mixture from the ?rst
separator, said second separator including a second

remaining species of particles having the selected

for draWing the species of particles having the selected

charge to said second collector for recovery.

charge remaining in the particle mixture and a second

23. The multistage electrostatic separation cell according

curtain gas inlet for introducing a second curtain gas
into the second separation chamber to entrain and carry

to claim 1, Wherein said ?rst and second separators are
modular components and the ?rst transition outlet of the ?rst

the species of particles having the selected charge to a

said ?rst and second collectors;

a second curtain gas chamber including a How straight
ener for supplying a smooth second curtain gas ?oW

parallel to the remaining particle ?oW for entraining the

separation chamber having a second electric ?eld Zone

second collector for recovery;
a ?rst collection device for receiving the particles from

at least the non-selected species of particles exiting from
said ?rst transition outlet to remix and thereby recharge the

separator includes an opening adapted for receiving the
second inlet of the second separator in a telescoping fashion.
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